Spinach (Spinacia oleracea L.) is a highly nutritious leafy vegetable and an economically important food crop. The wild species S. turkestanica Iljin and S. tetrandra Steven ex M. Bieb. are inter-fertile with cultivated spinach and constitute important sources of novel characters to improve spinach varieties, such as for their resistance to pests and diseases. Despite their relevance in plant breeding, S. turkestanica and S. tetrandra are poorly represented in genetic resources collections. Among the reasons for these collection gaps are the difficulties in propagating these species ex situ. Here we report on the results of collecting expeditions for S. turkestanica in Central Asia and for S. tetrandra in the Trans-Caucasus, which were organized by the Dutch gene bank in collaboration with several breeding companies. Furthermore, we also present efficient protocols for the ex situ regeneration of these species. These protocols were used to successfully regenerate 66 S. turkestanica and 36 S. tetrandra samples from the collecting Loek van Soest: Formerly affiliated to Centre for Genetic Resources, ().,-volV) ( 01234567 89().,-volV) expeditions. These new accessions fill up important collection gaps in ex situ conserved genetic resources of spinach and can be used for exploitation in crop improvement.
Introduction
Cultivated spinach (Spinacia oleracea L.) is a highly nutritious leafy vegetable because of its richness in various vitamins and minerals (Morelock and Correll 2008) . Apart from its relevance to the human diet, spinach is also an economically important food crop. According to the Food and Agriculture Organization of the United Nations, 26.7 million tonnes of spinach were harvested world-wide in 2016 from an area of 0.92 million hectares (FAOSTAT 2018) .
In addition to characters related to yield, growth and appearance, resistances against pests and diseases are by far the most important targets for breeding new spinach varieties. Pests and diseases that are common in spinach include leaf miners (Liriomyza Mik spp.), leaf spot (e.g. Stemphylium botryosum Wallr.), white rust (Albugo occidentalis G.W. Wilson), Fusarium wilt (Fusarium oxysporum emend. Snyder & Hansen f.sp. spinaciae), but in particular downy mildew (Peronospora farinosa (Fr.) Fr. f.sp. spinaciae or Peronospora effusa (Greville) Rabenhorst) which is nowadays the most threatening disease to spinach cultivation. Particularly worrisome is the increasing rate at which the pathogen is breaking disease resistance in spinach production fields (Morelock and Correll 2008; Andersen and Torp 2011) . In April 2018, the International Working Group on Peronospora (IWGP) denominated Pfs: 17, the latest race of spinach downy mildew (Plantum 2018) .
Spinach is considered to have been domesticated in former Persia (Iran), from which the crop spread to China, North Africa and Europe, and in more recent times to North America (Sneep 1982) . This domestication history was recently confirmed by transcriptome sequencing of 120 Spinacia accessions. Furthermore, the transcriptome data suggested that the wild species Spinacia turkestanica Iljin is likely the direct progenitor of cultivated spinach and that only a weak bottleneck occurred during crop domestication (Xu et al. 2017) . Also the wild Spinacia tetrandra Steven ex M. Bieb. is generally found interfertile with S. oleracea, alhough pollen viability can be low (Fujito et al. 2015) , and hence these three species are considered to constitute the spinach primary gene pool ( Fig. 1 ). S. turkestanica is mainly distributed in Central Asia and S. tetrandra in the Trans-Caucasus, both areas neighbouring the native region of cultivated spinach (Uotila 1997) .
Due to the arms race with new races of spinach downy mildew, plant breeders are continuously looking for new resistance sources against this fastevolving pathogen. Because plant breeders are not always able to find the required traits in the cultivated gene pool, the importance of wild species as a source of novel diversity for the improvement of spinach varieties has strongly increased (Handke et al. 2000; Andersen and Torp 2011) . However, access to crop wild relatives in their natural habitat is usually complicated and their representation in genetic resources collections is often limited. Examination of wild relatives associated with 63 crops showed the absence of 313 taxa (29%) in germplasm collections, while 257 (24%) were represented with less than 10 specimens (Castañeda-Á lvarez et al. 2016 ). An inventory of spinach genetic resources conserved ex situ in 2010 revealed 2017 accessions from a total of 25 (Van Treuren et al. 2012) . Most likely the number of unique S. turkestanica and S. tetrandra accessions are even lower as duplication of germplasm samples has been common practice by gene banks (e.g. Van Hintum 2000) . Reasons for the under-representation of crop wild relatives in genetic resources collections may include the high costs involved for an expedition to remote areas and the more stricter legislation regarding access to genetic resources (EU 2018). Moreover, the maintenance of wild species under ex situ conditions may be laborious and may require specific expertise from curators to accomplish germination, flowering and seed production. Here we report on the improvement of the spinach collection of the Centre for Genetic Resources, The Netherlands (CGN) through the sampling of S. turkestanica and S. tetrandra from their natural distribution area. Furthermore, we present protocols for the successful Fig. 1 Plant and seed characteristics of the species that constitute the spinach primary genepool regeneration of these wild populations under ex situ conditions.
Materials and methods

Germplasm acquisition
Collecting expeditions were carried out for S. turkestanica and S. tetrandra as a gap analysis performed in 2007 showed that the diversity of these species was poorly represented at that time in ex situ collections world-wide. Moreover, a strong interest for novel genetic resources was expressed by the spinach breeding sector, of which eight and nine companies affiliated to Plantum-NL supported and co-funded the S. turkestanica and S. tetrandra expedition, respectively. The collecting missions were carried out in cooperation with local experts.
S. turkestanica was collected in 2008 in Tajikistan from May 28 to June 14 and in Uzbekistan from June 14 to June 28 (Kik 2008) . A total distance of roughly 5000 km was travelled within an area of approximately 100,000 km 2 . In Tajikistan the city of Dushanbe was used as an operating base for most collecting activities that concentrated on the Southwest part of the country. Other regions were not visited because absence or only low abundance of S. turkestanica in 2008 was reported by local experts. A larger geographic area was explored in Uzbekistan, focussing on the Southeast part of the country.
The collecting mission for S. tetrandra was preceded by a pre-expedition in 2010 in which potential collecting sites were inventoried by the local experts. S. tetrandra was collected in 2011 in Azerbaijan from May 28 to June 14 and in Armenia from June 24 to July 1 (Kik et al. 2011) . Collecting activities were mainly performed at both sides of the lesser Caucasus mountains, separating Azerbaijan in the North from Armenia and the Azerbaijani province of Nakhichevan in the South. Around 4000 km was travelled within an area of approximately 60,000 km 2 .
Passport data were documented on collecting forms that largely followed the FAO/Bioversity multi-crop passport descriptor list (Alercia et al. 2015) . Geographical data of the collecting sites were registered by GPS (Garmin, e Trex series Venture HC) with an inaccuracy of 1-5 m and most locations were photodocumented. At each location an area of 0.1-2 ha was examined prior to sampling. After a few days the samples were partially cleaned and transferred to linen bags for transportation. Upon arrival at CGN the samples were placed in a conditioned storage room (15°C, 15% relative humidity) awaiting further seed processing. Further information about the expeditions can be found on the webpage 'CGN collecting missions' on the website of CGN (www.cgn.wur.nl).
To provide a legal basis for the collecting expeditions, the competent national authority on access and benefit sharing of each of the target countries was contacted to fulfil requirements regarding Prior Informed Consent (PIC) and Mutually Agreed Terms (MAT). A Memorandum of Understanding (MOU) was signed between CGN and each of the competent national authorities. This MOU adopted the Standard Material Transfer Agreement (SMTA) of the International Treaty for Plant Genetic Resources for Food and Agriculture (IT-PGRFA) as a basis for the distribution of collected germplasm (FAO 2018).
Ex situ regeneration
A few S. turkestanica samples with large seed quantities were used in a pilot study by CGN and each of the eight involved breeding companies using in-house regeneration procedures. Data on regeneration success were evaluated and an integrated regeneration protocol was developed based on best practises. This protocol was used to regenerate all collected S. turkestanica samples within the period 2009-2011. A similar approach was followed by the nine involved breeding companies for the S. tetrandra samples that were regenerated between 2013 and 2017.
Regenerated seeds were returned to CGN and then shared among all the involved breeding companies. This seed distribution marked the beginning of an embargo of 3 years, which means that only after this period seed samples of the new accessions are made available by CGN to the general user community. Prior to storage at CGN, the spiny parts of the fruit coat were mechanically removed in order to enable seed packaging under vacuum conditions. This was accomplished by squeezing the fruits between a moving rubber conveyer belt and a metal plate using an inhouse developed apparatus.
Results
Collecting expeditions
For S. turkestanica 30 seed samples were collected in Tajikistan and 36 in Uzbekistan (Fig. 2) . Collecting sites were mostly several kilometres apart, except for a number of locations in the western part of Tajikistan that were more closer to each other. Particularly rich areas of wild spinach were the Lokhur-Isambay valley in Tajikistan, east of the border between Tajikistan and Uzbekistan, and the Gallyaaral area southwest of the Krebet Nuraiau mountain range in Uzbekistan. The altitude of the collecting sites ranged from 657 to 1300 m in Tajikistan and from 413 to 1520 m in Uzbekistan. Habitats in which S. turkestanica was collected can be characterized as cultivated nonirrigated steppe with a loess soil, where the species typically grows along agricultural fields. These fields are locally known as 'bogara' (in Russian) or 'lalmi' (in Uzbek) fields, on which mostly cereals (mainly wheat and barley) and occasionally flax are cultivated. As farmers cannot afford the use of chemical fertilizers and crop protection chemicals, the density of the crop on those fields is often low, which enables S. turkestanica to grow even in between the crop. The number of plants sampled per location varied from five to more than hundred, while the number of seed clusters per plant varied from five to fifty. The seed amount collected for S. turkestanica varied from 5 to 375 g per population.
Regarding S. tetrandra 21 populations were sampled in Azerbaijan and 16 in Armenia (Fig. 3) . With the exception of a few collecting sites, inter-population distances were mostly in the order of several kilometres. The elevation of the collecting sites ranged from 75 to 1129 m in Azerbaijan, and were generally higher in Armenia, ranging from 819 to 1174 m. S. tetrandra was collected in a wide variety of habitats, including areas along secondary roads, borders of rivulets, field margins, Hordeum murinum vegetations, cemeteries, along 'bogara' fields and wastelands (nutrient poor, tertiary clay soils). S. tetrandra was often found in salty desert vegetation types cooccurring with Artemisia fragrans, a plant species with silver grey stems and leaves and a typical aroma. S. tetrandra was observed mostly on tertiary clay soils, which are more solid than the loess soils on which S. turkestanica was found in Central Asia in 2008. The plants from which seeds were sampled were usually small (* 20 cm), except for a few populations that were relatively undisturbed by humans and animals. Seeds were sampled from 25 to 50 plants per collecting site, and the bulked seed yield ranged from 0.1 to 175 g per population.
During both collecting expeditions male plants were observed only in a single location (Nakhichevan, Azerbaijan). These were juveniles co-occurring with juvenile and mature female plants. No mature male plants were observed at any of the visited locations.
Seed multiplications
Several in-house protocols were evaluated in a pilot study to develop efficient regeneration protocols for each of the species S. turkestanica and S. tetrandra (Table 1 ). Fruits of both species generally consist of 4-5 seeds and pre-treatment of the seed clusters is the crucial step in the regeneration process. The seed clusters of S. turkestanica are first broken without damaging the seeds, e.g. using a pliers, followed by rinsing in tap water for 3 days. Sowing is performed in trays that are maintained at 4°C for several days to reduce dormancy. The cold treatment is repeated in case of insufficient germination. The seed clusters of S. tetrandra are first subjected to a series of treatments with hot water, cold water and 4% chloride. The hot water and chloride treatment are applied to kill external bacteria. The chloride treatment is also intended to soften the fruit coat, which facilitates the dissection of the clusters. Seed clusters can be dissected into separate seeds using a binocular, scalpel and tweezers. While freeing the seed from the fruit coat, care should be taken not to damage the seed coat, nor the root of the embryo. Plants of both species should be raised under short-day (8-9 h light) conditions in order to prevent early bolting.
As Spinacia species are dioecious, attention should be paid to the number of male and female plants, which ideally are more or less equal when regenerating populations. Populations are regenerated in isolation to avoid inter-population gene flow. Because Spinacia species are wind-pollinated, sufficient air circulation should occur during flowering. Regenerations are usually carried out with 100-200 plants, resulting in a seed harvest of 400-900 g for S. turkestanica and 300-600 g for S. tetrandra.
Apart from a single S. tetrandra sample, consisting of only a few low-quality seeds, all expedition materials were successfully regenerated and introduced in the CGN collection. In addition, nine accessions of S. turkestanica and three of S. tetrandra Cultivation and seed production Cultivation in an isolation room in a greenhouse or outside in a plastic tunnel Seed harvesting at the end of June a Can also be performed prior to the dissection of the seed clusters were obtained from other sources ( Table 2 ). All accessions of S. turkestanica and about half of those of S. tetrandra are available for distribution. The availability of the entire set of S. tetrandra accessions is planned for the end of 2020.
Discussion
Ethnobotanical aspects
In each of the four countries visited during the two expeditions, commercial cultivation of spinach was found to be rare. Nevertheless, low-scale commercial cultivation in Uzbekistan and Azerbaijan was reported by local seed sellers. During the two collecting expeditions a total of 11 landraces of S. oleracea were obtained from bazars or home gardens. Also these landraces were regenerated and included in the collection of CGN. Wild spinach in the expedition areas is known to be collected from their natural habitat during springtime and to be sold at local markets. This was reported for S. turkestanica from the Lokhur-Isambay valley in Tajikistan and for S. tetrandra from the area around Baku in Azerbaijan. Wild spinach is the first available vegetable for consumption by local people after wintertime. This collecting activity may have underlied the difficulties to obtain seeds samples of S. tetrandra in the area around Baku. However, in general grazing of juvenile plants by sheep and goats is more threatening to wild spinach populations.
Fresh leafs of cultivated and wild spinach are used as a spice in food, e.g. as an ingredient in rice, yoghurt or soup. Outside the harvesting season, dried spinach leafs are only used in soups. A water extract from spinach seeds, obtained after 5 min of boiling in water, is used as a medicine against kidney problems.
Genetic resources management
Optimal access to genetic resources is crucial to the improvement of our crops. Wild relatives continue to play an important role in plant breeding programmes, especially in responding to rapidly evolving pathogens that require recurring and targeted introduction of new alleles into cultivated gene pools (Hajjar and Hodgkin 2007; Van de Wouw et al. 2010 ). However, crop wild relatives are generally poorly represented in gene bank collections (Khoury et al. 2010; Castañeda-Á lvarez et al. 2016) , while their accessibility in situ is generally complicated. Moreover, the survival of crop wild relatives in situ may be threatened by various factors, including climate change (Jarvis et al. 2008; Van Treuren et al. 2017) . Enriching gene bank collections with crop wild relatives will not only provide better access to their diversity in the short term, it will also serve as back-up of variation occurring in the wild when species become seriously endangered in situ (Maxted et al. 2015) . Here we reported on the results of collecting expeditions for S. turkestanica and S. tetrandra, the only two wild species of the spinach primary gene pool. So far their number of gene bank accessions has been rather small, while their natural distribution areas are located in Central Asia and the Trans-Caucasus, respectively, causing restricted accessibility of these genetic resources to users. In the collecting areas wild spinach populations were often found in the margins of agricultural fields. Such populations are potentially threatened when the management of the fields is changed from low-input farming to a system with irrigation and the use of chemical fertilizers and herbicides. In particular, this applies to S. turkestanica that often occurs as an accompanying species along or within arable fields, making the species more vulnerable to human activities compared to S. tetrandra. As we are unaware of any local conservation programmes, we consider our collecting expeditions important contributions to the safeguarding of the genetic resources of wild spinach. The importance of proper accessibility was demonstrated by the S. turkestanica material collected in 2008. These materials were found to harbour new resistances against the latest spinach downy mildew races at that time and were used in breeding programs, resulting in the introduction of new spinach varieties in 2014-2015. Also the S. tetrandra samples collected in 2011 seem to represent promising genetic resources for resistance breeding against downy mildew in spinach. Several reasons may underlie the underrepresentation of crop wild relatives in gene banks. Firstly, countries have sovereign rights over the genetic resources occurring on their territory, which means that collecting activities without any formal arrangement with the authorities of the country in question will generally be considered an act of biopiracy. Global biodiversity is protected by the Convention on Biological Diversity (CBD), which encourages countries to provide access to their biodiversity, while benefits arising from its use should be shared with the country of origin. The protocol on the concept of access and benefit sharing (ABS) is laid down in the Nagoya protocol (e.g. EU 2018). In addition to these international agreements, countries may demand bilateral arrangements for collecting expeditions. Thus, in order to provide a legal basis to an expedition, the national competent authority on ABS of a country should be contacted to negotiate the terms and conditions under which an expedition can be organized. Ideally, the SMTA of the IT-PGRFA (FAO 2018), such as used for the S. turkestanica and S. tetrandra collecting expeditions is used as the basis for germplasm exchange. In practice, communication with the national competent authority on ABS is often difficult to establish or the requirements of countries may be unappealing, such as the restriction to use the material only for non-commercial purposes. Thus, ABS issues are seriously jeopardizing proper access to the genetic resources of countries. In the absence of any conservation program in such countries, valuable genetic resources may be lost forever.
In addition to ABS matters, budget issues also play a role in the poor representation of crop wild relatives in gene banks. Crop wild relatives may have their main distribution area in remote regions, which may require substantial budget to fund a collecting expedition. Expeditions may last for several weeks, especially when multiple countries and large areas are visited. Apart from the costs for transportation and subsistence, budget is needed to hire local experts who are indispensable for a successful expedition. Given the limited budget of many gene banks and the fact that maintenance of their collections is the main priority, external financing is generally needed to fund a collecting expedition. The S. turkestanica and S. tetrandra collecting expeditions would not have been possible without the support of the plant breeding industry.
The representation of crop wild relatives in gene banks also depends on the question whether they can be successfully propagated under ex situ conditions. Wild species may form a nightmare to gene bank curators because of seed dormancy, delayed or absent flowering and failure to produce viable seeds. Therefore, expertise development is often required to successfully regenerate wild plant species. Here we introduced novel protocols for the successful regeneration of S. turkestanica and S. tetrandra. As is true for many wild species, a crucial step in the regeneration is the breaking of the seed dormancy (Finch-Savage and Leubner-Metzger 2006) . This was accomplished for S. turkestanica and S. tetrandra by applying rinsing steps, temperature treatments and release of the seeds from the seed clusters. Seed germination typically ranged from 50 to 80% for S. turkestanica and from 20 to 30% for S. tetrandra. while no germination was observed for untreated seeds. During the regenerations a more or less equal ratio of male and female plants was observed. However, the male plants quickly senesced after pollen release, whereas the female plants remained vital (cf. Sklensky and Davies 2011). These findings may explain the absence of male plants that was observed at nearly all collecting sites during our expeditions.
CGN uses threshold values of 80% germination for cultivated materials and 60% for crop wild relatives, which are in line with the quality standards developed for gene bank management procedures (FAO 2013) . Such standards are difficult to meet for wild spinach, especially in the case of S. tetrandra. To avoid unjustified rejection of seed samples with suboptimal germination, the number of healthy, dormant seeds could be included in the viability estimates. This was achieved for S. turkestanica by digging up the seed clusters from the soil trays, followed by dissection and inspection using a binocular. In order to avoid the comprehensive and laborious pre-treatment of seeds, germination tests for S. tetrandra were simplified by rinsing the seed clusters for 3 days in water at room temperature and for 5 days in water of 4°C, followed by in vitro germination at 15°C and dissection and inspection of non-germinated seeds after 2 weeks.
